Biosynthesis of nicotine in tobacco requires N-methylputrescine oxidase (MPO), which belongs to the copper-containing amine oxidase superfamily. Previous studies identified tobacco MPO1 and its close homolog NtDAO1 (formerly called MPO2), of which MPO1 has been shown preferentially to oxidize N-methylated amines. We show here that NtDAO1, as well as a homologous Arabidopsis diamine oxidase (DAO), accept non-N-methylated amines more efficiently than their corresponding N-methylated amines. MPO1 is coordinately regulated with other nicotine biosynthesis genes with regard to COI1-MYC2-dependent jasmonate induction and its dependence on nicotine-specific ERF transcription factors, whereas NtDAO1 is constitutively expressed at low basal levels in tobacco plants. Both MPO1 and NtDAO1 are targeted to peroxisomes by their C-terminal motifs, and the peroxisomal localization of MPO1 is required for it to function in nicotine biosynthesis in jasmonate-elicited cultured tobacco cells. Restricted occurrence of the MPO subfamily in Nicotiana and Solanum indicates that, during the formation of the Solanaceae, MPO has evolved from a DAO, which functions in polyamine catabolism within peroxisomes, by optimizing substrate preference and gene expression patterns to be suitable for alkaloid formation.
Introduction
Polyamines and diamines are ubiquitous compounds essential for cell growth and proliferation in plants (Cona et al. 2006) . Amine oxidases oxidatively deaminate various amines to aminoaldehydes and H 2 O 2 , and are classified into the coppercontaining amine oxidases (CuAOs; EC 1.4.3.6) and the flavincontaining polyamine oxidases (EC 1.5.3.11) . Plant CuAOs are homodimers in which each subunit contains a copper ion to oxidize a conserved tyrosine residue at the catalytic site into a 2, 4, 5-trihydroxyphenylalanine quinone (topaquinone) cofactor (Kumar et al. 1996) , and preferentially oxidize the aliphatic diamines putrescine and cadaverine at the primary amino groups. Many plant CuAOs are targeted by their predicted N-terminal signal peptides to the apoplasts where the CuAOmediated production of H 2 O 2 is proposed to function in cell wall maturation and lignification during plant development, as well as in wound healing and cell wall reinforcement during pathogen invasion (Cona et al. 2006) . However, an Arabidopsis CuAO (AtCuAO1; At2g42490) was recently found in peroxisomes where it may be important for polyamine catabolism ).
CuAOs are also involved in biosynthesis of plant alkaloids. Putrescine-derived alkaloids, such as nicotine and tropane alkaloids, are prevalent in the Solanaceae (Leete 1980) . In the biosynthetic pathways of these alkaloids, putrescine is first N-methylated by putrescine N-methyltransferase (PMT; Hibi et al. 1994) . The product N-methylputrescine is then deaminated oxidatively to 4-methylaminobutanal, which spontaneously cyclizes to give the N-methylpyrrolinium cation. This oxidative deamination reaction is catalyzed by N-methylputrescine oxidase (MPO; Hashimoto et al. 1990) . The N-methyl-Á 1 -pyrrolinium cation condenses with an unidentified nicotinic acid-derived metabolite to give nicotine in tobacco (Mizusaki et al. 1968 ), whereas it is converted to the bicyclic tropane skeleton in the biosynthetic pathways of hyoscyamine and scopolamine (Leete 1979) .
The MPO cDNA of Nicotiana tabacum (tobacco) has been cloned independently by two research groups (Heim et al. 2007 , Katoh et al. 2007 , and encodes a CuAO (designated as MPO1) that preferentially accepts N-methylated diamines over non-methylated amines. During isolation of the MPO1 cDNA, we also identified a related gene, MPO2, in tobacco (Katoh et al. 2007 ). For the reasons described in this study, we hereafter refer to MPO2 as NtDAO1 (N. tabacum diamine oxidase 1). MPO1 and NtDAO1 share 88% identity and 96% similarity to each other in their amino acid sequences. MPO1 has relatively low identity to common extracellular plant CuAOs, such as Pisum sativum CuAO (25%; Tipping and McPherson 1995) and an Arabidopsis CuAO (At4g14940) (27%; Møller and McPherson 1998) , but is more closely related to the peroxisome-resident AtCuAO1 (At2g42490) (78% identity; Reumann et al. 2009) (Supplementary Fig. S1A ). Thus, MPO1 and NtDAO1, as well as AtCuAO1, may represent a distinct subgroup among plant CuAOs.
In this study, we characterized the expression patterns of NtDAO1 and biochemical functions of the encoded enzyme, and compared them with those of MPO1. Our results indicate that AtCuAO1 and NtDAO1 are involved in putrescine catabolism in peroxisomes, whereas MPO1 has evolved from NtDAO1 in the Solanaceae to metabolize N-methylated putrescine preferentially in alkaloid biosynthesis.
Results

Substrate specificity
We first determined enzymatic parameters of MPO1 and NtDAO1, and included the homologous AtCuAO1 for comparison. These DAOs were fused to the C-terminus of glutathione S-transferase (GST), expressed in Escherichia coli and purified ( Supplementary Fig. S2 ). Enzyme activity was determined by measuring ammonia produced during the oxidative deamination of amine substrates. We tested symmetrical diamines (cadaverine, putrescine and 1, 3-diaminopropane), their N-methylated derivatives (N-methylcadaverine was not available commercially and thus was not tested) and a monoamine (n-butylamine). Since 1, 3-diaminopropane, N-methyl-1, 3-diaminopropane and n-butylamine were poor substrates for NtDAO1 and AtCuAO1 (data not shown), their kinetic parameters were excluded in further studies.
Recombinant GST-MPO1 showed higher affinity toward N-methylpurescine (K m 57 mM) than putrescine (309 mM) ( Table 1) , consistent with previous reports (Heim et al. 2007 , Katoh et al. 2007 ). In contrast, GST-NtDAO1 and GSTAtCuAO1 showed lower K m values for putrescine (163 and 208 mM, respectively), compared with N-methylputrescine (478 and 896 mM, respectively).
When all the available amino acid sequences of MPO homologs in the Solanaceae were compared, six amino acid residues (Val324, His454, Ala512, Phe622, Val635 and Pro709 in N. tabacum MPO1) characterize the MPO1 and NtDAO1 subfamilies ( Supplementary Fig. S1 ). A 3D structural model of tobacco MPO1 was predicted based on the crystal structure of Hansenula polymorpha CuAO (Li et al. 1998) (Supplementary Fig. S3 ). We placed these six unique amino acid residues on the MPO1 model, and found that only Ala512 may be located close to the enzyme's active site where topaquinone and copper are predicted. NtDAO1 possesses Gly488 at the corresponding position. To test whether these residues contribute to substrate specificity, we produced recombinant mutant enzymes in which Ala512/Gly488 was exchanged between MPO1 and NtDAO1. The MPO1 A512G mutant showed K m values for putrescine and N-methylputrescine which are comparable with wild-type MPO1 values. On the other hand, NtDAO1
G488A had an increased K m value for putrescine and a decreased K m value for N-methylputrescine, compared with wild-type NtDAO1 ( Table 1 ), indicating that the mutated residue contributes to the substrate preference for N-methylputrescine over putrescine. The fact that the corresponding mutation in MPO1 is not sufficient to alter its substrate specificity suggests that other amino acid residues provide additional quantitative effects on substrate preference. Substrate preference in CuAO is proposed to be affected by the chemical properties of the residues lining the amine substrate/aldehyde product channel, which vary considerably in different CuAOs (Klema and Wilmot 2012) .
In conclusion, NtDAO1 (formerly called MPO2), as well as AtCuAO1, accepts symmetrical diamine putrescine most efficiently among several amine substrates tested, and differs from MPO1, which prefers N-methylputrescine, despite the high amino acid similarity between NtDAO1 and MPO1.
Transcriptional regulation
Distinct substrate preferences between MPO1 and AtDAO1 predict their different metabolic functions and different transcriptional regulation. However, previous studies examined the combined expression patterns of MPO1 and AtDAO1 (Heim et al. 2007 , Katoh et al. 2007 ). To distinguish MPO1 and NtDAO1, we designed PCR primers that specifically anneal to each cDNA, and confirmed the specificity by sequencing amplified reverse transcription-PCR (RT-PCR) products (data not shown). Transcript levels of MPO1 were high in the root, compared with those in the flower, the leaf and the stem, an expression pattern similar to that of PMT, whereas NtDAO1 was expressed in all plant organs (Fig. 1A) . When tobacco hairy roots were treated with 100 mM methyl jasmonate (MeJA), MPO1 expression increased 3.5-fold within 24 h, in a pattern similar to PMT (Shoji et al. 2000) , but NtDAO1 was not induced (Fig. 1B) . Further, in the root of a tobacco low-nicotine nic regulatory mutant (Hibi et al. 1994) , MPO1 expression was significantly suppressed but NtDAO1 expression was not (Fig. 1C) .
Since jasmonate induction of nicotine biosynthesis genes, such as PMT, depends on the COI1 jasmonate receptor, the MYC2 transcription factor and the NIC2-locus ERF transcription factors (Shoji et al. 2010, Shoji and Hashimoto 2011a, b) , we down-regulated these regulatory genes in tobacco hairy roots and analyzed expression levels of MPO1 and NtDAO1. RNA interference (RNAi)-mediated COI1 suppression resulted in significant down-regulation of PMT (see also ) and MPO1, but not NtDAO1, in both MeJA-treated and non-treated conditions ( Fig. 2A) . When MYC2 expression was efficiently suppressed by the RNAi technology, PMT expression was highly suppressed (see also Shoji and Hashimoto 2011b) , MPO1 expression was significantly reduced and NtDAO1 expression did not change markedly (Fig. 2B) . We also fused an EAR motif to the C-terminus of ERF189, a representative member of the NIC2-locus ERF subfamily, and constitutively expressed this dominant-negative ERF transcription factor to repress multiple NIC2-locus ERF genes. In the ERF189-EAR-expressing tobacco hairy roots, expression of PMT (see also Shoji et al. 2010 ) and MPO1 was significantly suppressed, whereas NtDAO1 expression was not affected (Fig. 2C) .
In addition to specific PCR primers, we also designed a common PCR primer set that recognized both DAO cDNAs. When transcripts of MPO1 and NtDAO1 were detected together, the combined expression patterns in different plant organs, in MeJA-treated or control hairy roots, and in the hairy roots in which expression of COI1, MYC2 or NIC2-locus ERF genes was suppressed, mostly matched those of MPO1 ( Supplementary Fig. S4 ), indicating that NtDAO1 is expressed at low basal levels in these biological samples. Sequencing RT-PCR products confirmed that MPO1 transcripts are much more abundant than NtDAO1 transcripts in tobacco hairy roots (data not shown), as previously reported .
These results show that MPO1 is under jasmonate-inducible and NIC2-dependent regulation in tobacco roots, as found for other nicotine biosynthesis genes. In contrast, NtDAO1 is expressed at basal levels in tobacco plants and cultured cells, and does not respond to jasmonate and to regulatory signaling pathways for nicotine biosynthesis.
Subcellular localization
Since Arabidopsis AtCuAO1 was identified in purified peroxisomes by proteome analysis (Eubel et al. 2008 and was targeted to peroxisomes of tobacco leaf epidermal cells when expressed as a fusion to yellow fluorescent protein (YFP) ), we examined the subcellular localization of tobacco enzymes by transiently expressing their YFP fusions in Nicotiana benthamiana leaf epidermal cells, together with a peroxisome-targeted mCherry marker (Fig. 3) .
AtCuAO1 was targeted to leaf peroxisomes as reported previously ). Tobacco MPO1 and NtDAO1 were also found to be localized to peroxisomes, and the C-termini of these MPOs end with alanine-lysine-leucine, which is predicted to function as a peroxisome targeting signal type 1 (PTS1; Kaur et al. 2009 ). When this PTS1-like tripeptide motif was deleted from MPO1 or NtDAO1, the C-terminally truncated MPO mutants were no longer targeted to peroxisomes. Therefore, both MPO1 and NtDAO1 are targeted to peroxisomes by their C-terminal conventional signal motifs.
Complementation of alkaloid profiles in tobacco BY-2 cells
We next studied whether a peroxisomal localization of MPO1 is necessary for nicotine biosynthesis in jasmonate-elicited tobacco BY-2 cells (Fig. 4) . These cultured tobacco cells have very low expression levels of MPO1 (Fig. 1B) , which is rate limiting for nicotine formation , and mainly accumulate anatabine, instead of nicotine. When wild-type MPO1 was constitutively expressed in two independent transgenic lines of MeJA-treated BY-2 cells, cellular contents of nicotine were significantly elevated, while anatabine contents decreased, as reported previously . In contrast, overexpression of a mutant MPO1 that would not be targeted to peroxisomes did not have significant effects on the contents and compositions of tobacco alkaloids. These results suggest that MPO1 must be localized in peroxisomes to function in nicotine biosynthesis.
Discussion
In this study, we demonstrated that NtDAO1, despite its high amino acid similarity to MPO1, does not prefer N-methylated amines over non-methylated amines, and accepts the symmetrical diamine putrescine as the most efficient substrate among the amine substrates tested. Similarly, Arabidopsis amine oxidase AtCuAO1 displayed high substrate preference toward putrescine. Thus, NtDAO1 should be the more appropriate nomenclature for the former MPO2 designation and is classified as a member of the DAOs (together with AtCuAO1) in a larger CuAO family. A phylogenetic tree ( Supplementary  Fig. S1A ) shows that MPO1, NtDAO1 and AtCuAO1 form a distinct DAO clade (Group II), and are separated from PSAO, ATAO1 and the other Arabidopsis DAO-like proteins (Group I). PSAO and ATAO1 (Tipping and McPherson 1995, Møller and McPherson 1998) Group I, contain predicted signal peptides at their N-termini, and are thought to be extracellular CuAOs (Slocum and Furey 1991) . In contrast, CuAOs in Group II lack such predicted signal peptides, but instead possess C-terminal PTS1-related tripeptide sequences. PTS1-containing proteins are bound by the PEX5 receptor in the cytosol, and the PEX5-PTS1 protein complex then trafficks to the peroxisome where it associates with the docking complex on the peroxisome membrane. Subsequently, the PTS1 protein is dissociated from PEX5 and released into the peroxisomal matrix (Kaur et al. 2009 ). In silico searches of the Arabidopsis genome revealed that >300 proteins contain putative PTS1 peptides (Reumann 2004 , Reumann et al. 2007 ). The presence of canonical PTS1 motifs in the Group II amine oxidases suggests that these enzymes are localized in the peroxisome matrix ( Supplementary Fig. S1A ). Indeed, subcellular localization analysis of green fluorescent protein fusions confirmed the peroxisomal localization for three Group II members (AtCuAO1, NtDAO1 and MPO) , this study). Thus, peroxisomal Group II amine oxidases should have metabolic functions distinct from those of extracellular Group I amine oxidases. Although a C-terminal YFP fusion of a Group I amine oxidase, At1g31710 (named AtCuAO2), was recently reported to be localized in peroxisomes despite its apparent lack of the C-terminal PTS1 sequence (PlanasPortell et al. 2013) , this result needs to be confirmed by further experiments.
Peroxisomes are small and single membrane-delimited organelles that execute numerous metabolic functions (Kaur et al. 2009 ). Oxidative deamination of polyamines occurs in plant peroxisomes where spermine and spermidine are catabolized via putrescine to g-aminobutyric acid. Flavin-containing polyamine oxidases catalyze the sequential conversions of spermine to spermidine and spermidine to putrescine, and are targeted to peroxisomes by the C-terminal PTS1 motifs (KamadaNobusada et al. 2008 , Moschou et al. 2008 . Our study indicates that peroxisome-localized CuAOs (Group II) then oxidatively Data are means ± SD of three technical replications of two biological samples. Significant differences in overexpression lines compared with wild-type tobacco cells (WT) were determined by Student's t-test. **P < 0.01. deaminate putrescine to 4-aminobutanal, which spontaneously cyclizes to Á 1 -pyrroline. This cyclic compound may be further metabolized to g-aminobutyric acid by a peroxisomal aldehyde dehydrogenase (Reumann et al. 2007 , Kaur et al. 2009 .
Tobacco MPO1 appears to have evolved from NtDAO1 after gene duplication and subsequent neofunctionalization. In MPO1, substrate specificity was altered to prefer N-methylated diamines, while MPO1 expression was placed under the control of the NIC2-locus ERF genes, possibly generating their cognate cis-elements in the MPO1 promoter region, as reported for tobacco quinolinate phosphoribosyltransferease genes (Shoji and Hashimoto 2011c) . Alteration of substrate recognition involves Gly488 to alanine substitution in NtDAO1, and probably a few other amino acid substitutions. The sequenced genomes of tomato (Solanum lycopersicum; Tomato Genome Consortium 2012) and potato (S. tuberosum; Potato Genome Sequencing Consortium 2011) contain both MPO1 homologs and ancestral Group II DAO genes ( Supplementary Fig. S1B ), indicating that molecular evolution of MPO1 occurred early in the diversification of the Solanaceae family. Potato possesses PMT, which converts putrescine to N-methylputrescine (Stenzel et al. 2006) , and tomato genomes also contain PMT homologs (Solyc06g053510 and Solyc06g053520; Tomato Genome Consortium 2012). These PMT-MPO pairs in tomato and potato provide precursors for calystegines, polyhydroxylated nortropane alkaloids with strong glycosidase inhibitor activities (Dräger 2004) .
Peroxisomal targeting of MPO1 reflects its evolutionary origin, but this subcellular localization gives rise to a problem to be solved regarding its function in nicotine biosynthesis (Fig. 5) . The reaction product of MPO1, 4-methyl-aminobutanal, spontaneously undergoes intramolecular cyclization to give the N-methyl-Á 1 -pyrrolinium cation, which condenses with a nicotinic acid-derived metabolite to produce a bicyclic nicotine precursor. The enzymes involved in this condensation step are not known, but the final reaction to nicotine is catalyzed by vacuolar-localized BBL oxidoreductase (Kajikawa et al. 2011) . Since the MPO1-derived cation is not permeable to biological membranes, a transporter should be required in the peroxisomal membrane to move the cation out to the cytoplasm for further downstream metabolic reactions. Alternatively, the first step in the nicotine-forming condensation reaction may occur in peroxisomes by an unidentified peroxisomal enzyme, which may generate a membrane-permeable product.
The peroxisomal localization of MPO1 adds another cellular compartment for involvenment in nicotine biosynthesis, in addition to plastids (three consecutive enzymes for the synthesis of nicotinate mononucleotide from aspartate; Katoh et al. 2006 ) and vacuoles (berberine bridge enzyme-like enzyme involved in the final oxidation step to generate nicotine; Kajikawa et al. 2011) . Biosynthesis of plant natural products often involves multiple subcellular compartments (Facchini 2001 , Kutchan 2005 . The complex intracellular compartmentation might have occurred as a consequence of adapting compartmented reactions of primary metabolism to participate in newly evolved specialized metabolism (De Luca and St Pierre 2000) .
Materials and Methods
Plant materials and transformation
Binary vectors were introduced into Agrobacterium rhizogenes strain ATCC15834 by electroporation. Sterile plants of N. tabacum cv. Petit Havana line SR1 were grown on B5 medium (Gamborg et al. 1968 ) containing 3% sucrose and 0.8% agar under continuous illumination at 26 C. To generate the transgenic hairy roots, leaf discs were co-inoculated with A. rhizogenes harboring a binary vector as described (Kanegae et al. 1994) . After selection and disinfection on solid Murashige and Skoog (MS) medium containing 50 mg l Àl kanamicin and 250 mg l Àl carbenicillin, the hairy roots were subcultured in liquid MS medium (Murashige and Skoog 1962) with 3% sucrose every 2 weeks. 1 -pyrrolinium cation. Since the peroxisomal membrane is impermeable to this cation, a transporter is required to export it to the cytoplasm for nicotine biosynthesis. Alternatively, the cation may be converted to a membrane-permeable intermediate (X) in the peroxisome. DAO functions in polymamine catabolism in which putrescine is converted to g-aminobutyric acid in several steps. PMT is proposed to be localized in the cytoplasm.
Tobacco BY-2 cells (N. tabacum cv. Bright Yellow-2) were subcultured in liquid MS medium supplemented with 20 mg l À1 KH 2 PO 4 , 0.5 g l À1 MES and 0.2 mg l À1 2,4-D every week. Transgenic tobacco BY-2 cells were generated with Agrobacterium tumefaciens strain EHA105 harboring a binary vector as described (An 1985) . After 4-day-old BY-2 cells were rinsed with and transferred to fresh auxin-free MS medium with MeJA at 100 mM, they were cultured for an additional 1 d for RNA and protein analyses, or for 3 d for alkaloid measurement.
Three-to four-week-old N. benthamiana plants grown in a greenhouse at 27 C were used for the transient gene expression assays. Tobacco plants of the cultivar NC95 (wild type and nic1nic2 mutant; Shoji et al. 2010) were grown in soil at 27 C under the light regime of 16 h light/8 h dark for 1 month, and were used for the quantitative RT-PCR analysis.
Plasmid construction
For gene suppression experiments, the RNAi constructs for tobacco COI1 and tobacco MYC2 (Shoji and Hashimoto, 2011b ) and the dominant suppression construct for tobacco ERF189 (Shoji et al. 2010 ) have been described. Fulllength cDNAs for MPO1 and NtDAO1, their C-terminal deletion mutants without PTS1 (MPO1ÁPTS1 and NtDAO1ÁPTS1), and AtCuAO1 were subcloned into pDONR/zeo (Invitrogen) and then transferred into pGWB2 (Nakagawa et al. 2007 ) using the Gateway cloning technology (Invitrogen) for constitutive overexpression experiments, or into pGWB42 (Nakagawa et al. 2007 ) for transient expression as N-terminal YFP fusions. A peroxisomal marker was constructed by adding a PTS1 tripeptide (serine-lysine-leucine) at the C-terminus of mCherry. PCR primers used for construction, including those used for generating deletion mutants, are shown in Supplementary Table S1 .
Quantitative RT-PCR Total RNA was isolated by using an RNeasy Plant Mini kit (Qiagen) from samples that had been ground in liquid nitrogen. The cDNA was synthesized from 1 mg of the total RNA by Super Script II reverse transcriptase (Invitrogen) with an oligo(dT) primer. The cDNA templates were amplified using a Light Cycler 480 (Roche) with SYBR Premix Ex Taq (Takara) under the following conditions: 94 C for 5 min, 55 cycles of 94 C for 10 s, 55 C for 10 s and 72 C for 10 s. Semi-quantitative RT-PCR was used for the experiments shown in Fig. 4A to evaluate the expression levels of endogenous MPO1 and MPO1 transgenes, essentially as described by . To avoid saturated amplification, template amounts and cycle numbers were adjusted in individual experiments, and the specificity of the reactions was confirmed by the machine's standard melt curve method. EF1 was used as a reference gene. PCR primers are listed in Supplementary  Table S1 .
Recombinant proteins
The open reading frames of NtDAO1 and AtCuAO1 were amplified by PCR, cloned into a pGEM-T Easy vector (Promega), excised as the SalI-HindIII fragment and cloned into pGEX-6P (GE Healthcare). The GST-MPO1 plasmid has been reported previously (Katoh et al. 2007 ). Amino acid substitutions were introduced into MPO1 and NtDAO1 to generate MPO1 A512G and NtDAO1 G488A by site-directed mutagenesis PCR using the pGEX vectors as template and the PCR primers listed in Supplementary Table S1 . These plasmids were introduced into the E. coli strain Rosetta (DE3) (Novagen). After the recombinant bacteria were cultured in an LB medium containing 50 mg ml À1 carbenicillin at 37 C until the OD 600 of the culture reached 0.4, isopropyl-b-D-thiogalactopyranoside (IPTG) and CuSO 4 were added to the culture to final concentrations of 0.1 and 4 mM, respectively. After incubation at 16 C for 16 h, bacteria were harvested by centrifugation, suspended in phosphate-buffered saline (PBS) containing 10 mM dithoithreitol (DTT) and 1 mg ml À1 lysozyme, incubated at 4 C for 2 h, and then sonicated for 3 min. After centrifugation of the homogenate, the recombinant GST fusion proteins in the supernatant were purified by GSTrap HP (GE Healthcare) according to the manufacturer's protocol. Protein concentration was determined by a Coomassie Protein Assay Reagent Kit (Pierce).
Enzyme assay
The enzyme reaction was carried out in 200 mM potassium phosphate (pH 7.4) containing a defined concentration of amine substrate, 24 kU l À1 glutamate dehydrogenase from beef liver (Oriental Yeast), 5.7 mM 2-oxoglutarate and 0.19 mM NADH, at 30 C in a 96-well plate (UV-STAR; Greiner Bio-One) equipped with a plate reader (SpectraMAX). Ammonia formed by the reaction was measured enzymatically with glutamate dehydrogenase by monitoring the decrease in NADH at 339 nm (Kusche and Lorenz 1983) . The GraphPad Prism software was used to generate Lineweaver-Burk plots and to calculate K m and V max values at each substrate concentration in three replicates.
Subcellular localization assay
Agrobacterium tumefaciens strain EHA105 containing the plasmid of interest was cultured in YEB medium supplemented with 50 mg ml À1 kanamycin at 28 C with constant shaking at 220 r.p.m., and were collected by centrifugation at 3,000 r.p.m. for 15 min. Agrobacterium pellets were washed twice with an infiltration medium (10 mM MES-NaOH pH 5.6, 10 mM MgCl 2 , 150 mM acetosyringone) and resuspended in the infiltration medium to an OD 600 of 0.5. Equal volumes of Agrobacterium solutions containing mCherry-PTS1 or YFP-MPO were mixed and infiltrated into the abaxial side of N. benthamiana leaves by 1 ml needleless syringes. Infected leaves were observed with a C2 confocal microscope (Nikon) at 2, 3 and 4 d after infiltration. YFP and mCherry were excited at 488 and 544 nm, respectively, and fluorescence was detected using an emission filter of a 514/30 nm band pass for YFP and a 585/65 nm band pass for mCherry. All images were acquired from single optical sections.
